Background Pediatric contrast-enhanced MR angiography is often limited by respiration, other patient motion and compromised spatiotemporal resolution. Objective To determine the reliability of a free-breathing spatiotemporally accelerated 3-D time-resolved contrast-enhanced MR angiography method for depicting abdominal arterial anatomy in young children. Materials and methods With IRB approval and informed consent, we retrospectively identified 27 consecutive children (16 males and 11 females; mean age: 3.8 years, range: 14 days to 8.4 years) referred for contrast-enhanced MR angiography at our institution, who had undergone free-breathing spatiotemporally accelerated time-resolved contrast-enhanced MR angiography studies. A radio-frequency-spoiled gradient echo sequence with Cartesian variable density k-space sampling and radial view ordering, intrinsic motion navigation and intermittent fat suppression was developed. Images were reconstructed with soft-gated parallel imaging locally low-rank method to achieve both motion correction and high spatiotemporal resolution. Quality of delineation of 13 abdominal arteries in the reconstructed images was assessed independently by two radiologists on a five-point scale. Ninety-five percent confidence intervals of the proportion of diagnostically adequate cases were calculated. Interobserver agreements were also analyzed. Results Eleven out of 13 arteries achieved acceptable image quality (mean score range: 3.9-5.0) for both readers. Fair to substantial interobserver agreement was reached on nine arteries. Conclusion Free-breathing spatiotemporally accelerated 3-D time-resolved contrast-enhanced MR angiography frequently yields diagnostic image quality for most abdominal arteries in young children.
Introduction
Contrast-enhanced MR angiography is ideal for pediatric abdominal vascular imaging due to the lack of ionizing radiation [1] [2] [3] [4] [5] . However, pediatric abdominal contrast-enhanced MR angiography is often limited by motion and compromised spatiotemporal resolution. Not only are anatomical structures smaller than those in adults, but also circulatory dynamics are faster. Precise timing is required to synchronize image acquisition with the arrival of contrast agents. To reduce patient motion, general anesthesia that is sufficiently deep to obtain periods of suspended respiration is often necessary [6] . However, general anesthesia introduces associated risks of complications that may defer the use of MRI despite the benefits. In many practices, CT is utilized instead of MR angiography in young children to avoid general anesthesia.
To achieve desired spatiotemporal resolution, contrastenhanced MR angiography data acquisition needs to be accelerated. Parallel imaging (SENSE [sensitivity encoding], GRAPPA [generalized autocalibrating partial parallel acquisition], etc.) can reduce the scan time significantly by using coil arrays to acquire data simultaneously [7] [8] [9] . Compressed sensing can also accelerate data acquisition by exploiting intrinsic sparsity of the acquired images [10] . Both parallel imaging and compressed sensing can be used to accelerate contrastenhanced MR angiography at each time point. Since a series of images with the same anatomy but different image contrast are acquired in contrast-enhanced MR angiography, methods that exploit the spatiotemporal correlation of the dynamic image series, such as keyhole, various k-t (K-space domain and time doman) methods, and low-rank methods, can also be applied [11] [12] [13] [14] [15] [16] [17] [18] [19] . Promising results in contrast-enhanced MR angiography have been achieved using parallel imaging, compressed sensing and low-rank methods or the combination of these methods [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] .
To limit respiratory motion, breath-holding acquisition can be applied, but deep general anesthesia with suspended respiration is often required. To reduce the depth of general anesthesia, a free-breathing acquisition is preferred. Respiratory triggering/gating can achieve good image quality, but the spatiotemporal resolution is usually reduced by at least three-fold compared to breath-holding acquisition [30] . Free-breathing acquisition with advanced retrospective motion compensation, including respiratory binning and soft gating, can achieve higher scan efficiency and image quality comparable to respiratory-triggered acquisition [31] [32] [33] [34] [35] [36] [37] . Acquisition trajectory can also be modified to mitigate motion artifacts [38] [39] [40] [41] . This modification often requires sampling the center of k-space more than once during the data acquisition and view ordering strategies (e.g., radial view ordering [41] ) insensitive to motion artifacts. Variable density sampling patterns are also desirable for compressed sensing and low-rank reconstructions [10, 20] .
Recently, a fast free-breathing time-resolved contrastenhanced MR angiography technique with high spatiotemporal resolution has been developed [42] . This method exploits the spatiotemporal correlation in the contrastenhanced MR angiography image series and combines parallel imaging for acceleration and soft gating for motion compensation. Feasibility of pediatric abdominal dynamic contrast-enhanced MRI with reduced general anesthesia has been validated [42] . In this work, we aim to determine the reliability of this method of free-breathing abdominal timeresolved contrast-enhanced MR angiography to depict various abdominal arteries with adequate diagnostic image quality in young children.
Materials and methods

Patient recruitment
With institutional review board approval, 27 consecutive patients (16 males and 11 females) referred for abdominal contrast-enhanced MR angiography at 3 T at our institution from November 2013 to January 2014 were retrospectively identified. Patient demographics and clinical indications are summarized in Table 1 . The patient ages ranged from 14 days to 8.4 years (mean: 3.8 years). Informed consent was obtained from all individual participants included in the study.
Image acquisition
All imaging was performed on a 3-T MR750 scanner (GE Healthcare, Waukesha, WI, USA) with a commercially available 32-channel cardiac coil or torso coil, depending on patient size. A multiphase 3-D SPGR (spoiled gradient recalled acquisition in the steady state) sequence with intermittent spectrally selective fat-inversion pulses and variable density sampling patterns with radial view ordering [41] was used during the contrast injection. Motion was estimated using a Butterfly modification of the pulse sequence for selfnavigation [34] . Prescribed acquisition parameters were minimum echo time (TE) 1.2-1.4 ms, repetition time (TR) 3.0-3.4 ms, fat inversion time 9.0 ms, bandwidth ±100 kHz, slice thickness 1.0-2.4 mm with non-overlapping slices, S/I field of view 26-38 cm (coverage from diaphragm to ischial tuberosities), and average total acceleration factor (per phase) 6.2 (range: 4.9-10.3). The average acquisition time for each temporal phase was 8.5 s (range: 5.5-14.1 s) and 18 temporal phases in total were acquired for all cases (average scan time: 2:33). All imaging was performed free-breathing and in the coronal plane. Different types of respiratory support (nasal cannula: NC; laryngeal mask: LMA; endotracheal tube: ETT) were applied depending on the depth of general anesthesia decided by anesthesiologists. No respiratory support was used when the patient was not sedated (awake). The details of acquisition parameters and respiratory support are shown in Table 1 . Single-dose gadobutrol, gadobenate or ferumoxytol was diluted as necessary in saline to ensure a total volume of 10 mL and power injected intravenously at 1 mL/s rate when possible and hand injected at approximately 1 mL/s when not. Contrast injection was initiated after the acquisition of the first temporal phase.
Image reconstruction
Because variable density sampling patterns with radial view ordering were applied during data acquisition, the center of kspace was sampled multiple times and motion artifacts were already mitigated. To reduce residual motion artifacts, respiratory motion was first estimated. For each freebreathing MR angiography dataset, respiratory motion in the superior/inferior direction was calculated and assumed to be the dominant motion. Soft-gating weights were calculated based on the estimated motion and applied to the acquired data for motion compensation [37] . Soft gating effectively reduces motion artifacts by assigning a motion-weighted data consistency in the reconstruction: k-space data with very little motion corruption were assumed to be motion-free and assigned to a weighting of 1; k-space data with significant motion corruption were assigned to a weighting close to zero. Data points with weightings less than 1 or that have not been acquired would rely on the reconstruction to estimate the corresponding values without motion corruption. Locally lowrank parallel imaging method can recover highly undersampled contrast enhanced MR angiography datasets by exploiting the spatiotemporal correlation and incorporating the different coil sensitivities of the coil arrays [16] . Combined soft-gated locally low-rank parallel imaging was performed to reconstruct the undersampled dataset in this study [42] . Coil compression from 32 coils to 6 virtual coils was performed prior to image reconstruction to shorten the reconstruction time [43] . The reconstruction was implemented online with an average reconstruction time of approximately 5 min on a dedicated workstation (2 Intel Xeon 2.3GHz 12-core processors and 256 GB RAM, Microway, Plymouth, MA, USA). We also implemented another online parallel imaging compressed sensing reconstruction that produces images at approximately one-third of the final temporal resolution (less than 30 s reconstruction time per temporal phase) before releasing the patients [27] . This permits assessment of anatomical coverage, adequacy of contrast and quality of fat suppressions. 
Image evaluation
Two pediatric radiologists (S.S.V. and A.H. with 9 and 5 years of clinical experience with MR imaging. respectively), who were blinded to patient history/diagnoses, contrast agent and the depth of general anesthesia (respiratory support), independently assessed the reconstructions qualitatively. The overall image quality of 13 abdominal arteries were assessed on a five-point scale: celiac artery; left gastric artery; common, proper and right hepatic arteries; splenic artery; right phrenic artery; superior and inferior mesenteric arteries; renal artery, and right common, internal and external iliac arteries. Right renal artery was graded when present; otherwise, left renal artery was graded instead. These arteries were selected to assess the delineation of the arterial anatomy by the presented method within the entire imaging volume, including arteries of varying size and those that were expected to have varying degrees of motion. Some of the selected arteries may not have significant clinical relevance. The scoring criteria are shown in Table 2 . Only the contrast-enhanced MR angiography images were reviewed by the radiologists. Mean scores and the proportions of cases with acceptable image quality (score no less than three) of both readers were calculated for all abdominal arteries. The 95% confidence intervals of the proportions were also calculated using the Wilson score method with continuity correction [44] .
Interobserver agreement between the two readers for all assessments was analyzed using weighted kappa coefficients. The weighted kappa coefficients were interpreted as almost perfect (0.8-1), substantial (0.6-0.8), moderate (0.4-0.6), fair (0.2-0.4), slight (0-0.2) and poor (<0).
Results
Depending on the level of general anesthesia administrated, different respiratory support was applied for the recruited patients: 8 ETT, 7 LMA, 10 NC and 2 none (awake). Representative MR angiography maximum intensity projection (MIP) images from a 4-year-old girl with LMA are shown in Fig. 1 . Excellent image quality was achieved in this example. Small arteries, such as second-order branches of hepatic arteries, were sharply delineated in the reconstructed images. High temporal resolution was reflected by the rapid contrast dynamics captured in the liver and kidney on the time-resolved MR angiography images series. To demonstrate the evaluation of different abdominal arteries, representative images from a 3-year-old boy with ETT are shown in Fig. 2 images of four patients with different respiratory support are shown in Fig. 3 . Though the depth of general anesthesia varied, comparable image quality was observed in all these example cases. One patient in this study had metallic implants, which created an imaging artifact that limited the delineation of most arteries. The MR angiography image of this patient is shown in Fig. 3 . The mean scores, proportions of acceptable cases and 95% confidence interval for the proportion with acceptable image quality are shown in Table 3 . Both readers gave high scores for the majority of the arteries evaluated. Except for the left gastric artery for reader 1 and the right hepatic artery for both readers, the mean score of all the other arteries is no less than 3.9 for both readers. The percentage of cases with different scores is shown as bar graphs in Fig. 4 .
. MR angiography
Interobserver agreement results are shown in Table 4 . Fair to substantial interobserver agreement was reached for most of the evaluated arteries except for the superior mesenteric artery, right common iliac artery, right internal iliac artery and right external iliac artery.
Discussion
This study evaluated the clinical performance of a freebreathing spatiotemporally accelerated 3-D time-resolved MR angiography method in young children. Locally lowrank parallel imaging method was used to reconstruct highly accelerated contrast-enhanced MR angiography datasets. Cartesian acquisition with variable density sampling and radial view ordering was applied to mitigate motion artifacts. Soft gating was also applied to further reduce residual motion artifacts. With combined soft-gated parallel imaging locally lowrank reconstruction, diagnostic image quality was observed for most cases in the study. The high temporal resolution of the method also removed the need for precise timing of contrast arrival. Methods like keyhole acquire data at different spatial frequencies with different frame rates and use a view sharing strategy to reconstruct the missing data in contrastenhanced MR angiography. These methods may yield similar or better temporal resolution, but breath-holding is usually required during the data acquisition to reduce motion artifacts. The actual temporal solution is also not clearly defined because of the view-sharing nature in keyhole methods.
The delineation of the majority of abdominal arteries that are routinely assessed in contrast-enhanced MR angiography study was clinically acceptable in this study. The average image quality of the right phrenic artery and left gastric artery was limited. However, these arteries in our experience are not reliably well delineated in small children even when respiration is suspended, likely due to their small size. Image quality was also limited for patients with metallic implants, which also is problematic regardless of whether images are obtained with suspended respiration.
Fair to substantial interobserver agreement was achieved in 9 out of the 13 arteries evaluated. For the right common iliac artery, right internal iliac artery and right external iliac artery, reader 1 gave the highest score 5 to almost all cases. This resulted in a probability of reader 1 giving a score of 5 to these arteries very close to 1. Even if the other reader agreed with reader 1 and gave the same score for the majority of cases and only gave different scores for one case, the corresponding Fig. 3 Demonstration of the MR angiography images under different respiratory support: (a) a 4-year-old boy with endotrachial tube, (b) a 2-year-old girl with laryngeal mask, (c) a 2-year-old boy with nasal cannula, and (d) an 8-year-old girl without any respiratory support (awake). Excellent image quality was observed for all these cases, e.g., common hepatic arteries (a-d: arrowhead, scored 5, 5, 5 and 4, respectively, by reader 1, and 4, 3, 5 and 5 by reader 2). The MR angiography image of a 6-year-old boy with metallic implant is shown in (e). Due to the metal artifacts, some of the arteries near the metallic implants (highlighted region) cannot be visualized well. Arteries that are far from the metallic implants, e.g., left external (a-e: black arrows) and internal (a-e: white arrows) iliac arteries, were not significantly affected kappa coefficient would still be very low, which was interpreted as poor interobserver agreement. The different subjective interpretation of the scoring criteria by two readers could also contribute to the fair or worse interobserver agreement.
There were several limitations of this study. Since the contrast can only be administrated once, the comparison with other acquisition methods was not possible. Previous studies have shown that combined soft-gated parallel imaging locally low-rank reconstruction can achieve image quality comparable to respiratory-triggered acquisition for abdominal viscera [42] . Therefore, we only evaluated the reconstruction using this method in this study. Motion often results in blurred delineation. Thus, the scoring criteria focused on the delineation of the arterial anatomy provided indirect assessment of residual motion artifacts. Time-resolved contrast dynamics and sharp delineation of the arterial anatomy are, in general, more difficult to achieve than the venous anatomy in contrast- was achieved. CA celiac artery, CHA common hepatic artery, IMA inferior mesenteric artery, LGA left gastric artery, PHA proper hepatic artery, RA renal artery, RHA right hepatic artery, RCIA right common iliac artery, REIA right external iliac artery, RIIA right internal iliac artery, RPA right phrenic artery, SA splenic artery, SMA superior mesenteric artery enhanced MR angiography. This is in part because the temporal dynamics of the arterial anatomy are faster and the structures are often smaller. Therefore, we focused on the arterial anatomy evaluation in this study. Our experience is that the venous anatomy is consistently visualized with sharp delineation, but a formal evaluation is beyond the scope of this work. Another limitation of this study was that children with diverse clinical indications were recruited. The study was not focused on a specific disease. Since the aim of the study was to determine the reliability of the fast free-breathing time-resolved contrast-enhanced MR angiography technique, the heterogeneous patient population can potentially represent different clinical circumstances. Patients with different contrast agents and respiratory support (depth of general anesthesia) were recruited in this study, which may have confounded the results. However, they also provided a diverse dataset to show the robustness of the presented method. The sample size of cases with different respiratory support in this study was too small to analyze statistically whether comparable image quality was achieved for different respiratory support. This will be the subject of future work.
Conclusion
Pediatric free-breathing time-resolved contrast-enhanced MR angiography using spatiotemporal acceleration and motion correction frequently yields diagnostic image quality for most abdominal arteries. Further studies will be pursued to determine if this method is able to significantly reduce the depth of general anesthesia needed for pediatric contrast-enhanced MR angiography. 
